Abstract: There are several competing hypotheses for the origin of loess in Europe but quantitative evidence is still rare. Here, Sr-Nd isotopic and bulk elemental composition of loess from Marine Isotope Stages 2 and 3 from three study regions in Central Europe -Nussloch (Germany), Grub (Austria) and Tokaj (Hungary) -are analyzed. This study aims at examining di erences and similarities of loess deposits throughout Europe, correlating loess with potential source rocks from major mountain ranges and comparing loess with oodplain sediments from main rivers as integrated samples of the drainage areas. The results show that European loess deposits are largely uniform and that sediment sources have been rather stable in the Southern and Eastern parts of Central Europe and more variable in West Central Europe. However, the methods used are not su cient to unequivocally con rm and reject potential sediment sources but, in combination, help to identify the most likely sediment origins. While a direct correlation of loess and potential source rocks is difcult, the comparison with oodplain sediments is most promising and con rms previous hypotheses. Loess from Tokaj and Grub is most likely a mix of material transported by the Danube River and sediments from the surrounding mountains. Rhine River sediments are probably the main source of loess at Nussloch.
Introduction
Dust is an integral part of the Earth's environment and terrestrial deposits of aeolian sediments, such as loess, form extensive Quaternary deposits of the surface of the Earth. Loess is recognized as an important archive of paleoclimatic and paleoenvironmental information that may be used to complement highly resolved, long-term marine records. As a primarily aeolian sediment, loess is one of the few direct proxies of paleowind direction and strength and thus constitutes an important component of detailed and comprehensive paleoclimatic studies. In order to understand and use the paleowind information contained in loess, it is, however, essential to identify the source sediments. For the extensively studied loess deposits along the two main rivers in Central Europe -the Rhine and the Danube -Smalley and Leach's [1] and Smalley et al. [2] hypothesis of a primarily glacial, Alpine origin of loess has been widely accepted. While undoubtedly providing a valuable theoretical foundation, their assumptions are largely conceptual in nature and lack quantitative evidence. Recently, several studies have been published which employ quantitative geochemical methods to examine potential sediment source areas. Buggle et al. [3] successfully used di erent major and trace elemental characterization methods to compare loess deposits from Serbia, Romania and Ukraine with oodplain sediments of Central and Southeast Europe. With the help of heavy mineral analyses, Thamó-Bozsó et al. [4] were able to con rm earlier assumptions and identify new sources of loess in Hungary. Újvári et al. [5] used a combination of Sr-Nd and U-Pb isotopic provenance indicators to characterize loess in the Carpathian Basin and compare with a large variety of potential source areas.
With this study, we aim to contribute to the increasing body of quantitative evidence for the origin of loess in Central Europe. We focus on three loess sections -Nussloch (Southwest Germany, West Central Europe), Grub (East Austria, South Central Europe) and Tokaj (Northeast Hungary, East Central Europe) -and combine two widely accepted methods from sedimentary provenance research. The abundances of major and trace elements, displayed as normalized diagrams of elemental variations ("spider diagrams") or ratios of selected elements, may serve as characteristic sediment ' ngerprints' and have successfully been used in the geochemical characterization of loess deposits and potential source areas [3, [6] [7] [8] [9] . Sr-Nd isotopic analyses may help identifying the parent rocks of sediments and have often served as a valuable tool for loess provenance studies in China and South America [10] [11] [12] [13] [14] [15] . With a combined elemental and isotopic approach and a large collection of literature data of potential source areas, we want to address four fundamental questions: (i) Are loess deposits of Marine Isotope Stages (MIS) 2 and 3 homogenous, i.e. have sediment sources remained stable over time? (ii) Are there regional similarities of loess deposits in Central Europe, which may indicate common sediment sources and transport pathways? (iii) Can loess be directly traced back to rocks from major and local mountain ranges and geological units (e.g. Alps, Carpathians, Bohemian Massif)? (iv) Is loess genetically linked with oodplain and uvial sediments of rivers in the vicinity of the deposits (e.g. Rhine, Danube, and Tisza)?
The Tokaj, Grub and Nussloch study sites and potential source areas of loess
The Tokaj site, located in the Northeast Carpathian Basin (Northeast Hungary; Figure 1 ) at the con uence of the Bodrog and Tisza Rivers, has been intensively studied [16] [17] [18] [19] , including a chronostratigraphy based on optically stimulated luminescence (OSL, IRSL) ages [20] . A fundamental hypotheses on the origin of loess in the Carpathian Basin has been proposed by Smalley and Leach [1] , who classi ed the Eastern part of Hungary and North Serbia along the Tisza River, including Tokaj, as "D4 loess region", which consists of wind-blown material from three main loess sources: (i) North European glacial debris carried through the Moravian Depression, (ii) glacial material from the Alps transported by the Danube River, and (iii) silt-sized material from weathered ysch rocks in the Carpathian Mountains. There is a general consensus in the literature on Smalley and Leach's hypotheses. Other studies for the entire Carpathian Basin suggest a contribution of local materials such as loosely consolidated Miocene/Pliocene material in the Great Hungarian Plain ("Pannonian sands"; [21] ) and Miocene ysch and molasse rocks [22] , and a contribution of distal sediments as e.g. North African dust [23, 24] . Recent studies, however, limit the contribution of African dust to <10% [5] . Based on a heavy mineral study [4] , a mixture of uvial sediments from the Danube and local Transdanubian rivers and local Cenozoic sandstones has been proposed for Hungarian loess. A geochemical study of Serbian loess [3] showed a major contribution of material from the Carpathians, transported by the Tisza and smaller Danube tributaries, and sediment carried by the Danube, the Drava (material from the metamorphic crystalline Alps) and probably also by the Inn River. This study did not nd evidence for a signi cant contribution of Austroalpine (Eastern Alps, cover nappes) and Bohemian Massif (transported through the Moravian Depression) sediments. A recent isotopic study [5] proposes a mixture of Quaternary Danube sediments, Pannonian sands and local rocks (e.g. Transdanubian Range) for Hungarian loess. Paleowind reconstructions for the Carpathian Basin are in line with most of these assumptions and indicate wind directions between north and northwest for the Carpathian Basin [25] [26] [27] .
The Grub-Kranawetberg site near Stillfried (Lower Austria; Figure 1 ), on the banks of the Morava River and close to the Austrian-Slovakian boarder, has less extensively been studied [28, 29] . We follow the stratigraphic framework of Zöller et al. [29] . Grub is part of the "D2 loess region" [1] , for which two main loess sources have been proposed: (i) glacial material from the Alps, carried by the Danube River, (ii) glacial material from northern Europe transported by the Morava River. To our knowledge, quantitative geochemical provenance studies for this region are lacking.
The Nussloch site, ca 10 km south of the city of Heidelberg (Germany; Figure 1 ) and ca. 20 km southeast of the Neckar-Rhine con uence, is one of the most extensively studied loess sites in the Upper Rhine Valley [e.g. [30] [31] [32] [33] [34] [35] . We use samples from the P4 section and follow the chronostratigraphy of Antoine et al. [35] . Nussloch is part of Smalley and Leach's "D1 loess region", which should predominantly consist of Alpine glacial material. Smalley et al. [2] and Hill [36] propose sediments from the Central Alps in Switzerland, transported by the Rhine River, as the main source of Tertiary and Quaternary sediments in the Upper Rhine Graben, which in turn is the most likely major source of loess along the Rhine River. Broad alluvial plains and a braided river system in the Rhine valley as the main source of loess at Nussloch, from where material was sub- Map showing the location of the study areas Nussloch, Grub and Tokaj, major mountain ranges and geological units (brown), as well as rivers (blue) and paleowind directions (yellow arrows, [25] [26] [27] 35] ). Sample locations from the literature (grey or brown) are indicated as well and cited in square brackets.
sequently transported by strong NW and W winds, have also been proposed by Antoine et al. [35, 37] and Zech et al. [38] .
Materials and methods . Sampling
Standard procedures were followed for sampling and sample handling during eld and laboratory work. Homogenized and sieved (<2 mm) representative aliquots from 20 bulk loess and paleosol samples from Tokaj, 10 samples from Nussloch and 7 samples from Grub were used for geochemical analyses.
. Bulk geochemistry
X-ray uorescence (XRF) analyses were carried out on ballmilled subsamples. 1.5 g of dried sample powder (at 105°C) was mixed with 7,5 g MERCK spectromelt A12 (mixture of 66% Li-tetraborate and 34% Li-metaborate) and melted at 1200°C to fused beads using an Oxi ux system from CBR analytical service. Measurements were done with a Bruker AXS S4 Pioneer wavelength dispersive XRF device (Rh-tube at 4kW) and 32 standardized samples, using the traces program. Loss on ignition (LOI) was determined externally at 1000°C. The element concentrations are expressed as wt.% or ppm and were recalculated on a volatile-free basis. Elements with missing data due to the detection limit were excluded from the analyses.
.

Sr/ Sr and Nd/ Nd isotope geochemistry
Analyses of the Sr/ Sr and Nd/ Nd ratios on the lithogenic fractions of the loess samples were performed at the Key Laboratory of Crust-Mantle Materials and Environments, University of Science and Technology of China (USTC), Hefei. In order to remove organic material, impurities and carbonates, 100 mg of sample powder were leached with 4 ml 0.5 N acetic acid (CH COOH) at 50°C for 4 hours [5, 10] . The detrital residual was rinsed 3 times with ultrapure water, transferred into Te on vessels and dissolved using HF and HClO (120°C , 3 days). The digested samples were evaporated at 130°Cand dissolved in HClO , and subsequently evaporated at 150°C and redissolved in 6 N HCl twice to remove uorides. In a nal step the samples were redissolved in 1 ml of 3N HCl and centrifuged. Sr and light rare-earth elements were isolated on quartz columns by conventional ion exchange chromatography with a 5 ml resin bed of Bio Rad AG 50W-X12, 200-400 mesh. Nd was separated from other rareearth elements on quartz columns using 1.7 ml Te on powder coated with HDEHP, di(2-ethylhexyl)orthophosphoric acid, as cation exchange medium. Isotope analyses were conducted on a Finnigan MAT 262 mass spectrometer using static collection mode. Sr was loaded with a Ta-HF activator on pre-conditioned Ta laments and was measured in double-lament mode. Nd was loaded as phosphate on pre-conditioned Re laments and measurements were performed in a Re double lament con guration. The Nd/ Nd ratios are expressed as ϵ ND , where ϵ ND is the analyzed Nd/ Nd ratio normalized to the chondritic uniform reservoir value (CHUR, 0.512638; [39] 
Results
. Bulk geochemistry
The results of the XRF measurements for the Tokaj (TO), Nussloch (NU) and Grub (GR) samples are listed in Table  in the appendix 3. The SiO content of all samples is relatively low and narrow from 63.5 ± 1.2% (NU) to 74 ± 1.9 wt.% (TO). TiO is relatively high for TO (0.90 ± 0.06 wt.%) and GR (0.89 ± 0.05 wt.%) but much lower for NU (0.56 ± 0.02 wt.%). Al O and Fe O contents of all samples show narrow ranges from 7.9 ± 0.2% (NU) to 12.5 ± 1.2 wt.% (GR) for Al O and 2.8 ± 0.2 wt.% (NU) to 4.4 ± 0.5 wt.% (GR) for Fe O . MgO is rather low and within a narrow range for all samples (TO: 1.7 ± 0.2 wt.% -NU: 3.6 ± 0.3 wt.%). CaO content varies widely. While percentages for TO and GR are rather low (3.0 ± 1.9 wt.%, 5.9 ± 3.4 wt.%, respectively), CaO of NU is 18.3 ± 1.1 wt.%. Na O (NU: 1.3 ± 0.1 wt.% -TO: 1.8 ± 0.1 wt.%) and K O (NU: 1.6 ± 0.1 wt.% -GR: 2.3 ± 0.1 wt.%) contents are both low and within a narrow range for all samples. Loss on ignition (LOI) varies from relatively low values for TO (5.7 ± 1.5 wt.%) and GR (8.0 ± 2.7 wt.%) to higher average values for NU (15.9 ± 0.8 wt.%).
. . Major element ratios
An increase in SiO content is correlated with an increase in Al O , which indicates the presence of alumosilicates containing both elements, such as feldspars and micas. This e ect is most pronounced for the GR samples and least for the NU samples, which plot in the lower left corner of the Al O vs. SiO diagram (Figure 2a ). TO and GR samples overlap slightly and plot together with global average loess (GAL; [6] ). All samples have compositions near the upper continental crust (UCC), which represents a global average of slightly weathered crustal rocks, and are more di erent from highly altered sediments such as PAAS (Post-Archean Australian Shale; [40] ). In the SiO vs. TiO diagram (Figure 2b ), the samples show a similar distribution as in the Al O vs. SiO diagram. Again, TO and GR samples show similar compositions, while NU samples are displaced to lower SiO and TiO values. NU samples plot close to UCC, but all samples are distinctly di erent from PAAS. There is no, or only a weak, linear correlation between Ti and Si for the NU and TO samples, indicating that Ti is probably present in di erent mineral groups such as silicates (e.g. chlorite, biotite) and oxides (e.g. rutile). This is di erent for the GR samples, which show a more pronounced linear trend, probably due to Ti being accommodated in a Ti-bearing mineral phase. (Figure 2d ). They are close to GAL and plot with some distance to UCC and GAL, re ecting characteristics of depositional conditions of sedimentary rocks, whereas igneous rocks have higher Na O/Al O ratios (ca. 0.14-0.23, [41] .)
Discrimination between the three sample groups is best achieved in the SiO /TiO vs. Al O /TiO diagram ( Figure 3a) . Furthermore, both Si and Al, as well as Ti, are hardly mobile in environments with pH >4. Therefore, these elements -and hence the Al O /TiO vs. SiO /TiO ratios -should not signi cantly be a ected by weathering processes and pedogenesis. The TO, NU and GR samples plot mostly as discrete clusters. Again, the TO and GR data points are located closer together, while the NU samples plot in the upper left area due to their lower Ti content. GAL plots roughly half-way between NU and TO/GR, but all samples are distinctly di erent from both UCC and PAAS, probably as a consequence of weathering. [71] ) and Post-Archean Australian Shale (PAAS, black X; [40] ) standards are shown, as well as Global Average Loess (GAL, black star; [6] ).
. . UCC-normalized spider diagrams
To minimize the e ects of weathering and associated selective element depletion/enrichment, only pure loess samples are shown in the UCC-normalized element plots; paleosol samples were excluded. In these plots, the elemental concentrations of GAL are usually close to unity or slightly depleted compared to UCC, except Ca and Zr, which are enriched, and Na, which is depleted (Figure 4a ). The TO, NU and GR samples generally follow this trend, but show some distinct di erences. TO samples largely follow the GAL pattern but are slightly enriched in Ti, Mn and Cr, whereas Mg and Sr are slightly and Ca strongly depleted, compared with GAL. The pro le does not show much variation, except for Mg, Sr and Ca. NU samples are slightly depleted in most elements compared with GAL, except for Mg, Ca and Sr, which are enriched. Variation is generally lower than that of the other pro les. The GR prole is most similar to GAL composition, but slightly more enriched in Ti, Mn and Mg. Variation is very low except for Ca. Comparing all three pro les, the elemental compositions generally do not vary much within a pro le, except for Ca and, to a lesser extent, Mg, Sr and Cr. This is probably due to the presence of secondary carbonates. Several studies have shown that strontium isotope ratios in aeolian sediments are grain-size dependent and increase with decreasing grain size, since more radiogenic Sr is present in the ne fraction [42] . This coupling between grain size and Sr/ Sr ratio is usually not observed for Nd/ Nd. The authors conclude that isotopic compositions should be measured on speci c grain size fractions of the samples instead of using bulk material [5, 12, 42] . However, there is some debate on this topic and other authors have argued that it is only the bulk fraction that contains the entire source area information of a sample [9, 10, 15] . For Tokaj, grain size data are available that were obtained from the same samples used for isotopic measurements [71] , PAAS [40] and GAL [6] . b) Overview of Tokaj, Grub, Nussloch loess and loess from other localities in Europe. Data sources: Lower Saxony/Hesse (Northwest Germany; [51] ), Baranya (Southwest Hungary; [6] ), GAL (Global Average Loess; [6] ), Paks (Central Hungary; [7] ), Beremend (South Hungary; [47] ), Bonn (West Germany; [49] ), Picardy (North France; [49] ), Susak Island (West Croatia; [46] ), Slovakia [50] , Kaiserstuhl (Southwest Germany; [53] ), Alsheim (West Germany; [48] ), South England [52] . c) Overview of Tokaj (TO), Grub (GR) and Nussloch (NU) loess and floodplain data (all: FOREGS data: [68] ; except MO: [50] ( [16] ; Tabl 1). These data support that Nd/ Nd and grain size are only weakly correlated (R =0.234). The correlation between grain size and Sr/ Sr ratios is one order of magnitude lower, resulting in an R of 0.038. Therefore, in this study, we present bulk Sr/ Sr and Nd/ Nd ratios since the correlation between grain size and isotopic ratios is weak to non-existent -at least for Tokaj -and therefore negligible.
The decision for a leaching pre-treatment of the isotopic samples and the choice of the leaching procedure may signi cantly in uence the results of Sr/ Sr and Nd/ Nd measurements. We conducted an experiment with three samples (TO8, NU6, GR4). All of them were measured unleached and leached (4 ml 0.5 N acetic acid, 50°C, 4 h). The results are shown in Figure 5 and Table 2. For Nd/ Nd ratios, the di erence between the leached and unleached samples ranges from 0.0015% to 0.0034%, which is within or slightly above the relative error from the measurement (0.0011-0.0018%). For Sr/ Sr, the di erence is 2 orders of magnitude higher (0.21%-0.79%) than the relative error from the measurement (0.0018-0.0020%). These results indicate that isotopic signatures depend at least partly on the respective leaching method used. Caution is required when comparing results obtained from samples with di erent pretreatments and careful documentation is needed when such results are reported.
.
Sr/ Sr and Nd/ Nd isotopic compositions
Strontium and neodymium isotopic compositions of the three localities are fairly uniform and do not vary much with depth (Table 1, Figure 5 , Figure 6 ). For the majority of the samples from all three localities, ϵ ND values range from -9.25 to -11, with the exception of one GR outlier (GR5) which has an ϵ ND value of -8.6. Sr isotope ratios are more variable but generally fall in a typical range of the weathering products of the upper continental crust (>0.715, [40] ). The majority of the samples overlap in an Sr/ Sr range of 0.718 to 0.7195. GR samples have slightly more radiogenic (i.e. higher) Sr/ Sr ratios (0.720), while 3 samples from the upper part of the Nussloch pro le have clearly less radiogenic Sr/ Sr ratios (0.716-0.718).
The Sr/ Sr ratios of 20 bulk loess and paleosol samples from Tokaj range from 0.7182 to 0.7203 and ϵ ND ratios range from -9.4 to -10.9. ϵ ND values are rather constant throughout the pro le, with a possible weak trend to lower radiogenic values with depth. The Sr/ Sr isotope ratios show some variation in the upper part of the pro le, but are generally constant. However, there is a pronounced shift towards higher radiogenic ratios for the lowermost samples, which, however, is not manifested in the ϵ ND data. Sr/ Sr ratios of the Nussloch samples (n=10) range from 0.7166 to 0.7193 and Nd isotope ratios from -9.2 to -10.6. ϵ ND values show a possible weak trend to lower radiogenic values with depth, while there is a clear trend to higher radiogenic Sr values with depth. For the Grub samples (n=7), Sr/ Sr ratios range from 0.7199 to 0.7202 and ϵ ND from -8.6 to -11. Sr isotope ratios are very homogeneous with depth, but there is a weak trend to lower radiogenic ϵ ND values with depth. One sample (GR5) has an exceptionally high ϵ ND value of -8.6. This strong deviation is not repeated in the Sr ratios and might be an outlier.
Discussion . Limitations of the methods used
Before discussing potential sediment sources, the main limitations and constraints of the Sr-Nd isotopic and element ngerprinting methods should be considered. First, processes such as weathering and pedogenesis, secondary carbonate formation and sorting via transport in air and water may alter both the isotopic signature and the element composition. These biasing e ects can be controlled to some extent by limiting the samples to a similarly weathered selection (e.g. by excluding paleosol samples) and constraining the age range, as well as by removing secondary carbonates. Sorting e ects, however, cannot be controlled for. In our study we used samples from MIS 2 and 3 (ca. 60-20 ka) and either excluded or paid special attention to possible biases introduced by paleosol samples. Samples were leached to remove secondary carbonates for isotopic measurements and ensure comparability with literature data. This was not the case for XRF analytical results that are usually reported as total CaO. Second, the signatures of multiple sources and/or the contribution of minor sediment sources will be obscured by mixing. This fact has been discussed previously [3, 5] and is one of the main limitations of all ngerprinting methods. A third limitation is the fact that Danube loess contains a mixture of both detrital silicatic material and detrital carbonates, mainly dolomite [5] . Carbonates have low Sr/ Sr values and 'dilute' the isotopic signal, hence is it di cult to compare loess isotopic signatures with those of crystalline silicatic source rocks. While this is a major shortcoming for Sr/ Sr, Nd/ Nd signatures will be less a ected by a potential carbonate contribution. Fourth, ngerprinting is according to [29] for Grub, [35] for Nussloch and [20] requires that the composition of the possible source areas is both su ciently well known and distinctive. While abundant XRF and isotopic data of possible source areas is available, the second criterion probably cannot always be ful lled. If the geochemical characteristics of all potential source areas are not known and/or distinguishable from each other, certain sources can only be ruled out, but not con rmed. This has been discussed before [5] for similarities between Greenland dust and Southeast European loess. While limiting the validity of the ngerprinting results, ngerprinting methods still provide valuable information by excluding potential source areas and uncovering similarities and di erences of sediments and potential sources. Last, it is worth keeping in mind that some con icting results in element and isotopic compositions from the literature may be attributed to di erent analytical methods or di erent measurement conditions.
. Within-pro le variation
All three pro les do not show much variation in Sr/ Sr and ϵ ND values with depth ( Figure 6 , Figure 5 , Table 1 ).
No systematic e ects of paleosol formation and associated higher clay content containing more radiogenic Sr, such as shifts, peaks etc., on the composition of both isotopic systems can be observed. The Tokaj samples have the lowest internal variability for both Sr/ Sr and ϵ ND . Nussloch has a narrow range of ϵ ND and a wider Sr/ Sr range. Grub has constant Sr/ Sr values but a wider ϵ ND range, including one potential outlier. There is no evidence for a clear shift or trend in sediment isotopic composition in both isotopic systems at the same time. This is further supported by very low correlation coe cients between Sr/ Sr and ϵ ND for Tokaj (R =0.01) and Grub (R =0.11). An identi able change of sediment source would ideally be characterized by a synchronous, inversely correlated shift in both isotopic signals. The Nussloch Sr-Nd correlation coe cient is higher (R =0.74), which might indicate an actual shift of the sediment source over time, albeit not pronounced. Due to the biasing in uence of grain size and secondary carbonates on the Sr/ Sr composition, it has been argued that Nd/ Nd is a more reliable provenance indicator [43] . Based on ϵ ND alone, our results indicate a stable sediment source for Tokaj from ca. 60-20 ka and strong sediment homogeneity within the pro le. For Grub, a possible weak and gradual shift of the sediment source from 50-30 ka can be observed. For Nussloch, the results indicate a small shift of about 1 ϵ ND unit in the upper part of the pro le, at some time between ca. 20 and 30 ka.
. Uniformity of Central European loess and dust
In an overview of global loess and dust Sr-Nd isotopic signatures (Figure 7 ) , the Tokaj, Grub and Nussloch samples have a distinct composition when compared to loess from other regions of the world such as Argentina, the U.S. and Alaska, Central Asia, China and Ukraine. Sr/ Sr vs. ϵ ND diagrams [44] are commonly used in petrological studies to identify the sources of igneous rocks. Samples derived from the depleted mantle of the Earth plot in the upper left quarter, whereas those derived from crustal material plot in the lower right quarter. Our samples cluster in the lower half of a mixing hyperbola de ned by Svensson et al. [45] , close to, or overlapping with, several recent and last glacial maximum (LGM) Greenland dust samples, which indicates a common source or a genetic link between these sediments. The implications of this observation have been discussed previously for loess from the Carpathian Basin [5] .
Zooming into the region of weathered crustal rocks ( Figure 8 ) and our loess data, it is obvious that the majority of the Tokaj, Nussloch and Grub samples are isotopically very similar and has probably been derived from the same source or from several sources with roughly identical isotopic properties. Minor exceptions are the Grub outlier and the three youngest Nussloch samples which have unusually high ϵ ND values. Similarities, especially in ϵ ND values also exist between the analyzed samples and spatially close loess deposits in Southwest and Central Hungary and Croatia, and loess from France. However, the isotopic signatures of more distant loess from Morocco and Tunisia, from Spitsbergen, and of Mediterranean Sea sediments are similar as well. In contrast, Belgian loess plots further away from the Nussloch and the French loess samples, towards Ukrainian loess. The same is true for loess from the Western UK (Scilly Islands) and the Canary Islands.
Additional information of similarities and di erences is provided by comparing the major and trace element spider diagrams and element ratio plots. In both the UCC-normalized spider diagrams (Figure 4b ) and the Al O /TiO vs. SiO /TiO plot (Figure 3b ), Tokaj and Grub samples show similar patterns, close to GAL, whereas samples from Nussloch reveal a di erent composition. Compared with geographically close loess data from East Central and Southeast Europe, all samples exhibit identical patterns in the spider diagrams, except for Mg, Ca and Sr. The latter three elements were probably in uenced by the presence of secondary carbonates and are therefore not indicative of potentially di erent sediment sources. A simi- Figure 8 . Sources: Argentinian loess data: [10] , Circum-Paci c average volcanic rock data: [45] , US, Alaska, China, Gobi and Ukraine data: [78] . CHUR is the chondritic uniform reservoir ( [39] ), indicated by a vertical and horizontal grey line. [5] , Spitsbergen, French and Belgian loess [11] , Moroccan, Canary Island and Tunisian loess and Mediterranean Sea sediments [79] , Ukrainian loess and GRIP Greenland dust [45] , Scilly Islands (UK) loess [11] , GISP2 Greenland dust [78] , NorthGRIP Greenland dust [80] , fluvial sediments of the Rhine River and streams in the Vosges Mts. [69] . lar relationship is found in the Al O /TiO vs. SiO /TiO plot (Figure 3b) , where Tokaj and Grub samples plot close to Croatian loess (Susak Island; [46] ), Hungarian loess from South Baranya [ [6] , Beremend [47] and Paks [7] , and West German loess from Alsheim [48] and east of Bonn [49] . Tokaj samples overlap with Slovakian loess [50] , while Grub samples have identical ratios to loess from Paks in Hungary. The results, together with those from the Sr-Nd analyses, clearly show the genetic link between major loess deposits in Hungary, Croatia and probably Slovakia and Tokaj and Grub. Geochemical similarities of loess from Central Hungary/Croatia have been observed before [5] and can now be expanded with results from East Hungary (Tokaj) and Austria (Grub). The overall uniformity of loess in the Northern Carpathian Basin and adjacent regions points to a common, distal source of sediment (or rather a mixture of multiple sources) and a common transport pathway but does not provide evidence for the idea of a signi cant contribution of local, proximal material, as e.g. Tokaj volcanic rocks, assuming a unique geochemical signature of the proximal sediment.
The situation in Nussloch and other, geographically close loess deposits in Western and Central Europe, however, is less clear. While samples from these regions show rather similar patterns in the spider diagram (Figure 4c ), variance is much higher than for the East Central European loess samples. Nussloch loess is isotopically most similar to loess from Lower Saxony and Hesse [51] , Bonn and Alsheim (West Germany), and shows di erent patterns than loess from Southeast England [52] , Kaiserstuhl in Southwest Germany [53] and the Picardy [49] and Normandy [54] regions in France. This is only partially supported by the Al O /TiO vs. SiO /TiO plot (Figure 3b) , in which Nussloch loess is most similar to Picardy and South England loess, and again to Lower Saxony and Hesse, but di erent from Alsheim and Bonn. This points to the conclusion that there are larger regional di erences in the chemical and isotopic composition of Western and West Central European loess deposits compared to those of East Central Europe. The results from the di erent analyses are often ambiguous and do not clearly show similarities or di erences between the localities. Both spider diagrams and Al O /TiO vs. SiO /TiO ratios indicate that Nussloch loess is similar to samples from Lower Saxony and Hesse. However, this observation is not con rmed by SrNd data. Isotopic and elemental analyses show some similarities between Nussloch and French loess (Figure 8 ), but the picture is less clear for Alsheim, Bonn and Kaiserstuhl, which we would expect to be similar as well, assuming a uniform sediment source and pathway, such as the Rhine River.
. Rocks and floodplain sediments as potential sources of Tokaj, Nussloch and Grub loess . . A comparison of loess and potential source rocks from the Alps and Central Europe
As discussed above, a direct comparison of elemental data of loess samples and potential crystalline silicatic source rocks will probably not result in valid matches due to the presence of detrital carbonates in the samples and the destruction of the source signal through weathering, sorting and transport processes. In the UCC-normalized spider and Al O /TiO vs. SiO /TiO diagrams (Figure 4d, 4e, 3d) , potential crystalline source rocks have di erent and much more heterogeneous compositions and generally possess no similarities with loess. Some East Carpathian ysch, Bohemian Massif and Alpine granitoid samples plot in the vicinity of the Tokaj and Grub samples, but do not overlap, indicating that there is probably no direct link between these rocks and the loess samples and that the source information may have been obscured by weathering. A comparison between Swiss molasse and igneous rock samples from the Swiss Alps reveals similarities between Nussloch loess and molasse, indicating that Rhine River sediments are the main source for loess from this locality [2, 36] . This observation is con rmed by the Nd isotopic data, where Nussloch loess falls in the ϵ ND range of Alpine molasses samples [55] . As for elemental data, the same limitations due to weathering and sediment mixing apply for Sr/ Sr, but Nd/ Nd ratios should be less a ected by weathering processes and potentially carry a source signal. Compared to loess, many potential source rocks have a di erent isotopic signature with much higher ϵ ND values (Figure 7, Figure 9 , Figure 10 ), including basalts from Hungary and Austria (Carpathian Basin (CB); [56] ), igneous rocks from the Central Alps [57] , igneous rocks from Hungary and Romania (Eastern Carpathians (EC); [58] ) and Bohemian Massif granites (BM; [59] ). Our loess samples plot close to, or within, the rectangles of East Carpathian ysch [60] , granites from the Tisia terrane in Southwest Hungary (Carpathian Basin (CB); [61] ), Bohemian Massif sedimentary rocks [62] , Western Carpathian granites (WC; [63] ), and at some distance to Slovakian gneiss (WC; [64] ) and Czech metamorphic rocks (BM; [65] ). A more detailed analysis of single data points (Figure 10 ) reveals that the loess samples overlap with several rock samples, most notably with East Carpathian ysch [60] . Furthermore, all samples are located within the ϵ ND range of Alpine molasses sam- ples [55] and close to the Sr/ Sr range of igneous rocks from the Black Forest Mts. in Southwest Germany [66] .
These results also demonstrate the main shortcoming of the Sr-Nd ngerprinting method. There might be a contribution from the surrounding East and West Carpathian Mountains (WC, EC) or local rocks from the Carpathian Basin (CB) to the Tokaj (and possibly Grub) loess sites, but a contribution of East European material to the Nussloch site is highly unlikely since neither rivers nor dominant wind systems exist and have existed throughout the Quaternary to constantly transport material from the Carpathian Basin to West Germany. Thus, sediment sources can only be ruled out, but not con rmed. However, a contribution of East Carpathian material to East Hungarian loess via the Tisza River has been discussed before [1] and further investigations are encouraged by the isotopic and elemental data. Furthermore, Tokaj, Grub and Nussloch loess and Alpine molasses samples have several geochemical similarities and should be included in further analyses, since these sediments have probably been derived from the same initial source, i.e. the Alps, and may have supplied material for both West and East Central European loess via the Rhine and the Danube Rivers.
. . A comparison of loess and floodplain sediments in Central Europe
It has often been argued that uvial rather than aeolian processes acted as the main transport mechanism for material that later accumulated as loess. Smalley and Leach [1] assume that glacial sediments from the Alps were transported to the North and Southeast by the Rhine and Danube Rivers, deposited in oodplains and river banks and subsequently transported by the wind to build proximal loess deposits. Several provenance studies have therefore focused on studying oodplain deposits as potential source materials of loess [3, 5, 67] . Here we followed the approach by Buggle et al. [3] who successfully compared their loess data with recent oodplain geochemical data from the FOREGS database [68] . We expanded their selection and classi cation (Austroalpine cover nappes, Bohemian Massif, Drava, Western Carpathians) with additional samples from the Rhine and Rhône Rivers and their tributaries, and Central and Eastern Hungary, representing the deposits of the Danube and Tisza and tributaries, respectively (all FOREGS; a complete list of samples can be found in the appendix 3). One additional sample is from the Dřevnice-Morava con uence in Slovakia [50] . So far, Sr-Nd data is only available from the Danube River at Mohács and Basaharc (Hungary; recent and Pleistocene samples), from Miocene Pannonian sands in Hungary (all: [5] ) and from the Upper Rhine Valley [69] , but not from other locations across Europe or rivers as, e.g., the Tisza. A comparison of these samples in the spider diagrams (Figure 4f) shows similar patterns of Tokaj and Grub and oodplain sediments from Eastern Hungary (E-HU), the Bohemian Massif and the Western Carpathians and, to a lesser degree, Central Hungary (C-HU), and the Drava and Morava Rivers. Samples from the Austroalpine region (AA) deviate from Tokaj and Grub. This is con rmed in the Al O /TiO vs. SiO /TiO diagram (Figure 3c) , where Tokaj and Grub plot close to the Western Carpathians and East Hungary (Tisza), but plot away from the Drava and the Bohemian Massif. The Sr-Nd data (Figure 8 ) from the suspended load and Pleistocene uvial sediments of the Danube River (Hungary), as well as of the Miocene Pannonian sands (Hungary), plot around Tokaj and Grub. The ϵ ND values of the Pleistocene uvial sediments and the Pannonian sands are identical with our loess samples, indicating that the loss and the uvial sediments have probably been derived from the same source(s). These results are in line with previous ndings for the Northwest and Central Carpathian Basin [3] [4] [5] and con rm the fundamental theoretical hypotheses of loess origin [1, 2] . The high degree of similarity between Tokaj and Grub loess either implies that input from the East Carpathians and the Pannonian sands did not change the geochemical signature signi cantly, or that material from East Hungary and Pannonian sands must have been transported to East Austria.
Very little oodplain data is available for Nussloch. A comparison with FOREGS data of Rhine, Rhône and Austroalpine oodplain sediments shows strong similarities with Rhine and Rhône samples in both the spider diagrams (Figure 4g ) and in the Al O /TiO vs. SiO /TiO plot (Figure 3c) , which supports the theory of uvial transport from source regions in the Swiss Central Alps via the Rhine River, deposition and subsequent short aeolian transport, as previously suggested by [2, 36, 37] . A comparison of isotopic signatures (Figure 8) shows that river, spring and soil samples from the Vosges Mts. [69, 70] adjacent to the Upper Rhine Valley have more radiogenic Sr ratios than the Nussloch samples, but might result in a similar isotopic composition if mixed with sediments from the Black Forest ( Figure 10 ) from the opposite side of the Upper Rhine Valley, or with Rhine River sediments [69] . Such a mixture could provide an additional, minor contribution of sediment with a similar geochemical signature. However, more data from potential source rocks and from sediments in the Alps and along the Rhine River are needed to consolidate these ndings.
Conclusions
The results of our combined geochemical and Sr-Nd isotopic study and MIS 2 and 3 loess samples from Tokaj (Hungary), Grub (Austria) and Nussloch (Germany) show that: -The sediment source of the Tokaj loess-paleosol prole most likely remained stable between 60 to 20 ka. In contrast, the geochemical and isotopic composition of loess from Grub and Nussloch is less homogenous, indicating a weak change in the source from 50 to 30 ka in Grub and a more pronounced change between 30 to 20 ka at Nussloch.
-Overall, Central European loess has a rather similar geochemical and isotopic composition. This is especially true for loess from the Carpathian Basin and adjacent areas (Tokaj, Grub, Hungary, Croatia), where the uniformity is most pronounced, which indicates a common, distal sediment source and common transport pathways and weakens the theory of a signi cant contribution of local/proximal sediments. Geochemical and isotopic variance is higher in West and West Central European loess (Nussloch, Germany, France, Benelux).
-A direct comparison of loess and possible source rocks is di cult due to weathering and mixing e ects. The Tokaj and Grub samples show some similarities with sedimentary rocks from the East Carpathians, the Bohemian Massif and Alpine molasse; Nussloch loess could have been derived from deposits of the Alpine molasse.
-The comparison of loess and oodplain and river sediments is most promising and con rms previous results and hypotheses. While Tokaj and Grub loess appear to be linked with Miocene local sands in Hungary and uvial sediments from the Western Carpathians, the Bohemian Massif, the Danube and the Tisza Rivers, Nussloch loess may have been derived from Rhine River sediments or from a mixture of Black Forest and Vosges Mts. sedimentary material.
-Sr-Nd analyses and geochemical ngerprints alone are not su cient to reliably identify the sediment sources of loess in Central Europe, but may provide indicators for further studies.
-In all cases, and especially with regard to isotopic analyses, the harmonization of sample pre-treatment (such as leaching and grain-size sorting) is desirable since results di er substantially depending on pretreatment processes. 
